The loss of magnetic energy accompanying the decrease in the earth's dipole field during the past 50 years has been shown by McDonald and Gunst to have been balanced by an equal increase in the energy of the nondipole field. It is shown that over time intervals of the order of 2000 years, conservation of the total magnetic energy stored outside the earth's core is not indicated by paleomagnetic measurements of ancient directions and intensities of the field. However during the in the total magnetic energy during the past 120 years at an annual rate of 0.01 percent, which is much less than the average rate during the past 1550 years inferred from paleomagnetic measurements.
in the total magnetic energy during the past 120 years at an annual rate of 0.01 percent, which is much less than the average rate during the past 1550 years inferred from paleomagnetic measurements.
1, Introduction
The geomagnetic dipole movement has been decreasing at an average rate of about 0.05 percent per year during the 120 years since the earliest spherical harmonic analysis by C. F. Gauss. Recently MCDonald and Gunst (1968) suggested that during such a decrease, the energy of the dipole field is transformed into that of neighboring modes (n= 2 to 6) as the result of a change in the pattern of fluid motions in the core. This conclusion was based on the observation that from 1905 to 1965, the sum of the total magnetic energy stored in the outer layer of the earth's core, in the mantle, and in the space around the earth has remained nearly constant.
In the present report, we examine the question of whether the total energy in the field external to the core is conserved over periods of time longer than the 60 year interval considered by McDonald and Gunst (1968) . In calculating the magnetic energy, we depart somewhat from the analysis of McDonald and Gunst (1968) and consider only the energy external to the core. On the time scale of geomagnetic secular variation, the earth's mantle and crust and the space around the earth are source-free regions in which Laplace's equation is satisfied. Therefore, in this region the induction B may be found from spherical harmonic coefficients and the total energy may be calculated by integrattainty in this calculation arises from errors in determining the spherical harmonic coefficients, especially the higher order terms. On the other hand, the earth's core is not a source-free region, and in order to calculate the magnetic energy density it is neces-sary to make assumptions about dynamo currents, which are not well known. In the present study, the term "total energy" refers to the energy external to the core.
At the outset, it should be noted that there is presently little theoretical basis for expecting the sum of the magnetic energy in the outer layers of the core and external to the core to be conserved. On the contrary, it is the total amount of flux emerging from the core that will remain constant over time intervals sufficiently short that diffusion does not occur. This, in turn, depends on the electrical conductivity of the core. Attempts to assess the constancy of total flux rather than total energy have, in fact, been made but the results are not conclusive. Booker (1969) found that the total flux is currently decreasing whereas Hide, as quoted by Booker (1969) , using a different method of analysis reports no change in the total flux during the past 50 years .
Our reason for reconsidering the question of the conservation of total energy over long periods of time is its relevance to current attempts to explain geomagnetic reversals on the basis of statistical models (Cox, 1968 (Cox, , 1969 Nagata, 1969; Parker, 1969) . In these models, cyclonic convection cells in the core produce reversals by a two-step mechanism.
(1) At any instant, cyclonic convective cells are randomly distributed through the core. (2) Reversals occur when cyclones, through random processes, arrive at certain critical configurations. In the models of Nagata (1969) and Parker (1969) the occurrence of a reversal depends only on the spatial distribution of cyclones and not on the intensity of the dipole field. In the model of Cox (1968) , the occurrence of reversals depends both on the distribution of cyclones and on the field strength of the cyclonic disturbances (i.e. , nondipole field) relative to the dipole field.
If the average ratio of the nondipole field to the dipole field is large, then the average frequency of reversals is expected to be high. It would be difficult to reconcile this model with the conservation of total magnetic energy because the latter requires that each major decrease in the dipole field be accompanied by a large increase in the nondipole field, which in turn would have a high probability of triggering a reversal. This is inconsistent with the conclusion from Cox's model that the geomagnetic field passes through many intensity minima without reversing polarity, and that the probability of reversing during any one minimum is only 0.05. It is of interest, therefore, to determine whether the total magnetic energy external to the core remains constant over time intervals longer than the 60 years considered by McDonald and Cunst (1968) .
Interval of 1500 Years
We first consider whether archeomagnetic determinations of changes in the intensity of the earth's field over long periods of time are consistent with the conservation of the total energy in the dipole and nondipole fields. The geomagnetic dipole moment average of 22 archeomagnetic intensity determinations made for this interval (Gox, 1968; Smith, 1967) . The energy corresponding to this moment (Table 1) is 81 percent larger than the total dipole and nondipole energy in the 1965 field, as evaluated using the co- The difference between the total energy in the present field and the field of 500 A.D. is probably greater than indicated in Table 1 . Paleomagnetic measurements of ancient field directions show that the geomagnetic field around 500 A.D, possessed a nondipole component comparable to that which exists today. The evidence for a large nondipole field in earlier times is that if the field had been entirely dipolar, virtual geomagnetic poles calculated from paleomagnetic measurement at different localities for the same epoch would coincide. This is not the case for archeomagnetic measurements for the interval 250 AD. to 750 A.D. For example, virtual poles for archeomagnetic results from Arizona and Japan (Kawai and Hiraoka, 1967 ) are 16 degrees apart, which is larger than experimental error and is comparable with the dispersion in virtual poles due to the present dipole field.
Moreover Kobayashi (1969) has shown that local variations in the intensity of the field as determined paleomagnetically are consistent with the existence during the past few thousand years of a nondipole field composed of drifting and standing components (Yukutake and Tachinaka, 1969) comparable to that which exists today. If, as seems likely, the nondipole field in 500 A.D. was as large as it is at present, then the total magnetic energy in 500 A.D. was twice as large as it is today.
Interval of 120 Years
We have calculated the non-core energy from spherical harmonic analyses for epochs earlier than 1905 in an attempt to determine the maximum time interval during which the total noncore energy has remained constant. A difficulty in doing this is that the early harmonic analyses were rarely carried beyond n=6 so that the energy in the terms of higher degree cannot be calculated. However terms of degree n=1 to 6 contain 97 percent of the total energy if, as seems likely, the decrease with n of the harmonic coefficients of the earlier analyses is similar to that of the 1965 IGRF.
The energy in the spherical harmonic terms of degree n may be found by integrating the energy density (1) magnetic permeability in the mantle, crust, and free space and (2) is the sum of squares of Gauss coefficients gmn and hmn of degree n. The energy stored in each mode is given in Table 2 for analyses beginning with that of for the 1845 field. Two conclusions emerge from this analysis. The first is that a rapid shift of energy has occurred between modes. The second is that during this entire period, a decrease in dipole energy is accompanied by an increase in nondipole energy (Fig.  1) . The linear least squares trends for the total energy (U1-6), the dipole energy (U1), and the nondipole energy (U2-6) are given by the following equations, which were found Table 2 . Energy in terms of degree n, total nondipole energy (terms of n=2 to 6), and total energy (terms of n=1 to 6). Units : 1024 ergs from the data in Table 2 
Terms of Higher Degree
The energy terms given in Table 1 are for the 1965 IGRF which contains spherical harmonic coefficient only to degree n=8. What is the possibility that a large amount of energy formerly present in the dipole field is currently redistributed in modes corresponding to spherical harmonics of degree n>8? Because of the factor (Re/Rc)2n+1 in equation (1), the higher order terms may contribute significant energy even if the coefficients are small, as may be seen from Table 3 . The question of the true value of the coefficients of degree n>8 for the core field is therefore crucial. Table 3 . Magnetic energy corresponding to a gauss coefficient with an amplitude of 100 gammas.
Magnetic energy units: 1024 ergs Although several spherical harmonic analyses have been carried beyond degree n=8, it is questionable whether the terms of higher degree represent a magnetic field originating in the earth's core. Nagata (1965) has shown that the value of individual coefficients of degree n>8 decreases so slowly with increasing degree that they must be due to sources in the upper mantle and crust. Moreover Booker (1969) has shown that the error in the coefficients evaluated by comparing coefficients obtained from different data sets increases rapidly beyond degree n=7. However the above arguments do not prove that energy is absent from the higher order terms but only that, if present, the energy must be below an upper limit determined by the level of experimental uncertainty in the Gauss coefficients. Confidence limits for the coefficients are not well determined, but an upper limit to the energy may be estimated on the following basis. For degrees n=3 to 8, the quantity Vn decreases nearly geometrically so that Vn+ 1 Vn=1/5. The energy also decreases but only by the ratio Un+1/Un=1.5. Assume that the decrease of logVn is linear beyond n=8:
where log V8=-6.73. For n=3 to 8, the slope has a well-defined value of q=0.75. Extrapolating this to higher values of n gives curve (a) for Vn in Fig. 2 . The corresponding values for the total magnetic energy are given by curve (a) in Fig. 3 . The total energy converges rapidly beyond n=8, the energy in terms n=9 to 12 being only 0.5 percent of that in terms n=1 to 8. On the other hand, if the values of Hurwitz et al. (1966) for coefficients n=9 to 12 are fitted with curve (b) of Fig, 2 by setting q= 0.31, then the non-core energy (curve (b) in Fig. 3 ) does not converge with increasing n. However the divergence is rather slow in the range n=9 to 12. Therefore in order Fig. 2 . Values of the sums of squares of coefficients for the 1965 IGRF (circles) and the analysis of Hurwitz et al. (1966) carried to n=12, m= 12 (crosses). 
5, Discussion
The rates of change since 1845 indicate that about 3/4 of the energy lost from the dipole field has been gained by the nondipole field. The net rate at which energy has year. The past century appears to have been a time of anomalously low energy loss, mainly because during this time energy has been transferred between the dipole and higher order modes, as McDonald and Gunst (1968) pointed out. However this behavior, with its implications for rapid rates of polarity reversal, does not appear to be characteristic of the earth's field over periods of the order of 103 years.
